Neutropenia and its complications, including febrile neutropenia, are major dose-limiting toxicities of systemic cancer chemotherapy. A number of studies have attempted to identify risk factors for neutropenia and its consequences to develop predictive models capable of identifying patients at greater risk for such complications and to guide more effective and costeffective applications of the colony-stimulating factors. A systematic review of the literature showed that age, performance status, nutritional status, chemotherapy dose intensity, and low baseline blood cell counts were associated with the risk of severe and febrile neutropenia or reduced chemotherapy dose intensity in multivariate analysis in two or more studies. Similarly, age, diagnosis of leukemia or lymphoma, high temperature or low blood pressure at admission, and i.v. site infection along with low blood cell counts and organ dysfunction were associated with serious medical complications of febrile neutropenia, including bacteremia and death. The available risk model studies, however, had several limitations, including retrospective analyses of small study populations lacking independent validation, frequent missing values, and differences in the predictive factors considered. To overcome the limitations of previous studies, efforts are under way to develop and validate risk models based on large prospective studies in representative populations of patients receiving systemic chemotherapy. The
INTRODUCTION
Chemotherapy-induced neutropenia (CIN) is the major dose-limiting toxicity of systemic cancer chemotherapy, and it is associated with substantial morbidity, mortality, and costs. Neutropenia may result in fever and neutropenia, or febrile neutropenia (FN), often necessitating hospitalization for evaluation and empiric broad-spectrum antibiotics. Such complications often result in dose reductions or treatment delays, which may compromise clinical outcomes [1] [2] [3] [4] [5] . The prophylactic use of colony-stimulating factors (CSFs) can reduce the risk, severity, and duration of both severe and febrile neutropenia [6] [7] [8] [9] [10] [11] . Despite these benefits, CSFs are not administered to all patients receiving myelosuppressive chemotherapy because of the costs associated with their routine use. The selective use of CSFs in patients at greater risk for neutropenic complications may, however, enhance their cost-effective use by directing treatment toward those patients who are most likely to benefit.
The risk of severe and febrile neutropenia is usually based on the treatment regimen. A survey of the literature on randomized clinical trials of chemotherapy in patients with early-stage breast cancer (ESBC) and non-Hodgkin's lymphoma (NHL) has shown, however, that the rates of myelosuppression and relative dose intensity (RDI) are underreported. When reported, the rates with the same and similar regimens varied greatly, making it difficult to determine the actual risk for neutropenic complications associated with common chemotherapy regimens [12] . Differences in the reported rates of neutropenic complications may relate to differences in study patient populations as well as the delivered dose intensity. Treatment dose intensity was reported with even less consistency, making it very difficult to interpret differences in reported rates of toxicity or treatment efficacy.
Early estimates of the threshold of risk at which the prophylactic use of CSFs becomes cost saving have been provided by economic models based on cost minimization using itemized, fixed costs of hospitalization for FN. These early models showed that the use of CSFs was cost saving when the risk for hospitalization for FN exceeded 40%; later models that are based on more current, direct costs and that include some indirect costs have shown that appropriate thresholds are closer to 20% [13, 14] . Clearly, however, models based on average population risk estimates and the presumed myelosuppressive potential of the chemotherapy regimen may not be the most effective way for determining which patients should be offered CSF support. Therefore, recent efforts to increase the cost-effectiveness of the use of CSFs have focused on identifying patients at greater risk for neutropenic events, who are most likely to benefit from CSF prophylaxis. The development of clinical prediction or risk models for neutropenia and its complications based on risk factors should enable the identification of patients at greatest risk for these complications and the more targeted and costeffective application of appropriate supportive care measures, such as the CSFs, in those at greatest need, who are most likely to benefit [15] .
To identify risk factors associated with neutropenia and its complications, a systematic review of the literature was undertaken using electronic databases, including MED-LINE, EMBASE, and the Cochrane Library as well as references from relevant articles that were identified. Search terms included neutropenia, febrile neutropenia, risk factors, risk models, and predictive models. The studies that were selected reported multivariate risk models of neutropenic events or complications as well as RDI in patients receiving systemic cancer chemotherapy. In these studies, neutropenia was generally defined as an absolute neutrophil count (ANC) <1 × 10 9 /l (grade 3 and 4) or ANC <0.5 × 10 9 /l (grade 4). FN was defined as severe neutropenia (grade 3 or higher) with temperature >38.2°C. Dose intensity was defined as dose administered per unit of time, for example, mg/m 2 per week. In turn, the average RDI was defined as the ratio of the administered dose intensity to the standard dose intensity averaged across drugs in a regimen.
RISK FACTORS FOR CIN
Studies reviewed in this article showed risk factors for CIN or leukopenia (Table 1), FN (Table 2) , and RDI (Table 3) in patients with NHL [16] [17] [18] [19] [20] [21] [22] , ESBC [22] [23] [24] [25] [26] , and other malignancies [27] [28] [29] . In these studies, advanced age, female sex,
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poor performance status, poor nutritional status, and low baseline and first-cycle nadir blood cell counts along with high chemotherapy dose intensity were all significant predictors of neutropenic events (Fig. 1 ). In patients with NHL, a high lactate dehydrogenase (LDH) level and the presence of bone marrow involvement were also significant. Studies that assessed risk factors for the consequences of neutropenia, including serious medical complications and mortality, were in patients with solid tumors, leukemias, and lymphomas in adults [30] [31] [32] [33] [34] [35] [36] [37] [38] and in children [39] [40] [41] [42] [43] . Significant predictors for neutropenic complications-including death (Table 4) , bacteremia (Table 5) , and length of hospital stay ≥10 days (Table 6 )-were advanced age, hematologic malignancies, greater disease burden, high temperature and low blood pressure on admission, pneumonia, i.v. site infection, low blood cell counts, and organ dysfunction.
The common risk factors for CIN and its complications can be classified based on disease, patient characteristics, and type of treatment.
Disease-Specific Risk Factors

Tumor Type
Patients with hematologic malignancies are at greater risk for neutropenic complications than patients with solid tumors because of the underlying disease process as well as the intensity of the treatment that is required [30, 31] . Consistent with these findings, an analysis of data from patients hospitalized with FN in the 120 hospitals of the University HealthSystem Consortium showed that the duration of hospitalization as well as inpatient mortality were significantly greater in patients with leukemia than in patients with solid tumors (p < .001 for both) [32] .
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Advanced Disease and Uncontrolled Cancer
Both advanced disease and uncontrolled cancer were significant predictors of RDI, hospitalization for FN, and serious neutropenic complications, including death [21, 26, 33, 34] .
Patient-Specific Risk Factors
Age Ten studies found higher age to be a general risk factor for the development of severe neutropenia [18] [19] [20] [21] [22] [23] [24] and other neutropenic complications [30, 32, 33] . Advanced age is a particularly important independent risk factor, since older patients are often treated with lower chemotherapy doses to minimize the occurrence of neutropenic complications. Since older patients with cancer can obtain the same benefit from aggressive chemotherapy as younger patients [44] , effective management of the risk of neutropenia is crucial to make it possible to administer full-dose chemotherapy in this population.
Performance Status
Three studies have shown that, in addition to age, poor performance status is a significant risk factor for chemotherapy-induced neutropenia [16, 18, 27] . In older patients, physiologic age or frailty may be a more accurate predictor of risk than chronologic age [45] .
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Comorbidities
The presence of comorbid conditions with cancer has been shown to increase the risk for neutropenia and its complications. Renal disease and heart disease have been shown to increase the risk for FN and reduced RDI in patients with NHL [19, 20] . In patients with breast cancer, liver disease along with kidney and heart disease increased the risk for severe neutropenia and FN [22] . Similarly, comorbidities such as hypertension, chronic obstructive pulmonary disease, pneumonia, prior fungal infection, and sepsis have been shown to increase the risk for serious neutropenic complications, including prolonged hospitalizations for FN and death [30, 32, 34, 38] .
Laboratory Abnormalities
Blood cell counts and chemistry analyses may indicate either the extent of disease, comorbid conditions, or the impact of cytotoxic chemotherapy. Many of these laboratory abnormalities have been identified as predictors for CIN and its complications. We have reported that pretreatment WBCs are predictive of both FN and an RDI <85% in patients with ESBC [22] . Pretreatment hemoglobin levels <12 g/dl are also predictors of severe neutropenia or FN in cycle 1 [19, 22] . One study in patients with aggressive NHL treated with cyclophosphamide, doxorubicin (Adriamycin 
Pfizer Pharmaceuticals, New York, http://www.pfizer.com) (CHOP) also found that a serum albumin concentration of 35 g/l or less, an LDH level greater than the upper limit of normal, and bone marrow involvement of the lymphoma were all significant predictors of life-threatening neutropenia and FN [17] . The predictive value of high LDH levels was also determined in another study in patients with NHL, by Kloess et al. [18] .
Conditional risk models have used patient responses in the first cycle of chemotherapy to predict the occurrence of neutropenia and its complications in subsequent cycles. Three studies have shown the predictive value of the first-cycle nadir in leukocyte counts [25, 27, 29] and decreases in hemoglobin or platelet levels [25, 27] for predicting neutropenic complications in later cycles. An ANC <0.1 × 10 9 /l is also a significant predictor of serious medical complications [33] .
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Treatment-Specific Risk Factors
Chemotherapy Regimen
The intensity of specific chemotherapy regimens is one of the primary determinants of the risk for CIN, with some regimens being more myelosuppressive than others [29] . High cyclophosphamide doses or the use of etoposide (Etopophos ® , VePesid ® ; Bristol-Myers Squibb, Princeton, NJ, http://www. bms.com) in treating patients with NHL [16, 18] and high anthracycline doses in treating patients with ESBC [24, 26] have all been identified as significant predictors for severe neutropenia and FN. High chemotherapy dose intensity has also been identified as a risk factor for neutropenia and its complications in older patients with NHL [19, 20, 22, 26] .
CSF Use
Five studies in lymphoma have shown that prophylactically administered CSF is associated with a significantly lower risk of severe neutropenia and FN [16, 18, [20] [21] .
Predictors of Neutropenic Complications in Children
Most of the studies summarized above were in adult patients with cancer, but predictors of neutropenic complications have also been found in pediatric patients with acute lymphoblastic leukemia and solid tumors (Table 4 and  Table 5 ) [39, 40] . In pediatric patients, higher temperature, prolonged neutropenia, a low monocyte count, and shock predicted the occurrence of bacteremia [39, 40, 42] .
RISK FACTORS FOR CIN AND GUIDELINES FOR CSF USE
Several of the risk factors identified in this study have been incorporated into current guidelines for CSF use. For example, the 2000 update of the American Society of Clinical Oncology (ASCO) guidelines recommended that CSF be initiated in the first cycle in patients at high risk for FN due to special circumstances, such as patients with poor performance status scores, marrow compromise, advanced cancer, overall immune deficit, or active ongoing infections [1] . The greater risk for CIN in older patients was also acknowledged by the Senior Adult Oncology Panel of the National Comprehensive Cancer Network (NCCN) and the Elderly Task Force of the European Organization for Research and Treatment of Cancer (EORTC). Both organizations recommend that prophylactic CSF be used in patients ≥65 years of age (EORTC defines elderly patients as ≥60 years) and in patients with lymphoma who are treated with CHOP or CHOP-like chemotherapy [46, 47] .
RISK MODELS VERSUS RISK FACTORS
Studies of individual risk factors for neutropenia and its complications, including reduced RDI, provide useful information for identifying patients at greater risk. However, multivariate risk models capable of considering several independent risk factors are a more powerful method for identifying patients at greater risk for these events. In an analysis of data on 577 patients with intermediate-grade NHL, six independently significant risk factors for FN were identified: age ≥65 years, renal disease, cardiovascular disease, pretreatment hemoglobin level <12 g/dl, a planned average RDI ≥80%, and no CSF prophylaxis [19] . Risk scores were calculated for each patient based on the number of risk factors. The risk of FN was found to be lower in patients who had fewer than three risk factors than in patients who had three or more, with the greatest risk occurring in the first cycle of chemotherapy (Fig. 2) [19] .
CONDITIONAL VERSUS UNCONDITIONAL MODELS
Patients in whom FN has occurred are at greater risk for neutropenic complications in subsequent cycles. This has led to interest in conditional models that include the results from the initial cycle as independent variables or predictors [27, 29, 33] . Neutropenic complications are most likely to occur in the first cycle of chemotherapy [19, 48] . This is well established for patients with NHL treated with CHOP chemotherapy (Fig. 3) . For this reason, current research has focused on developing a reliable unconditional model, dependent on pretreatment information alone. Hopefully, such models will be able to guide the early targeted use of supportive care measures in appropriate patients before most complications occur.
VALIDATION OF RISK MODELS
Four of the 14 models for CIN reviewed in this study have been validated in a group of patients independent from those used for developing the models [18, 25, 27, 29] . Silber et al. developed both conditional and unconditional models to predict severe neutropenia [27] . They validated both models in a separate group of 80 patients with ESBC treated with adjuvant chemotherapy and found that the unconditional model was not reliable in predicting neutropenia. In the conditional model, however, the depth of the ANC nadir in the first chemotherapy cycle predicted neutropenic events in subsequent chemotherapy cycles.
LIMITATIONS OF CURRENT RISK MODELS
The clinical prediction models that have been developed to date have been based on retrospective data with many important methodologic limitations [15] . As summarized in Table 7 , a good clinical model should minimize bias by clearly stating the hypothesis or purpose in advance, including any subgroup analysis; clearly defining the study population, with specific inclusion and exclusion criteria; and limiting missing data. Models should also be validated in a different set of patients from those in which they were developed. The studies reviewed here are all retrospective in nature, and most have not been designed to test a welldefined hypothesis. They have also been conducted in relatively small study populations and have considered and adjusted for different variables. Furthermore, most models have not been independently validated, and of those models that have been tested in an independent population, only the conditional models are reliable in their predictive power [18, 25, 27, 29] .
RISK MODELS DEVELOPED FROM A PROSPECTIVE REGISTRY
To overcome these limitations, we have recently implemented a prospective registry of patients initiating a systemic cancer chemotherapy regimen for one of several tumor types. This study involves the comprehensive collection of patient data, including cycle-by-cycle information on hematologic function, neutropenic events, and chemotherapy dosing record, together with patient comorbidities and performance status. The data collected by the registry will be used to develop a multivariate risk model that will
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Were hypotheses explicitly specified prior to the study?
Were missing data limited, that is, less than 10%?
Were the analyses based on single occurrences in separate patients rather than on repeated occurrences in the same patient?
Were the issues of multiple comparisons considered when many prognostic factors or cut points were evaluated and were the tests of significance adjusted accordingly?
Were the problems associated with stepwise multiple regression models considered, including model instability, exaggeration of coefficient estimates, and their significance?
Was the effect of any new prognostic factor adjusted for the effects of known prognostic factors?
Were the differences in outcomes among subgroups assessed by testing for interaction between the prognostic factor and the variable that defined the subgroups rather than by separate analyses within the subgroups?
Were the issues of multiple testing or small sample sizes within subgroups considered when apparent differences among subgroups were interpreted?
Was the analysis of subgroups defined only during or after the completion of the study acknowledged as exploratory?
Was the prognostic model generated in the developmental dataset validated in an independent dataset of similar patients?
In reporting the results of a prognostic factor study:
Were the following clearly presented: study design (exploratory or confirmatory, prospective or retrospective), treatment (e.g., randomized or standardized), blinding, main outcomes?
Was the number of patients who were excluded because of missing data stated?
Was the study duration, including the criteria for study termination, stated?
Were the methods of measuring prognostic markers, along with information about reproducibility, stated?
Were all study end points clearly defined?
Were the data on outcomes summarized as quantitative estimates with confidence intervals?
Were the differences in outcomes observed in all patients emphasized more than those found in subgroups?
Were any weaknesses of the study, especially those related to subgroup analyses and multiple comparisons, discussed?
include many of the clinically relevant variables discussed in this review [49] [50] [51] [52] . The risk models will be built on the basis of pretreatment patient and disease characteristics as well as planned and delivered chemotherapy. The predictive accuracy of these models will be validated in an independent patient population. Additional studies will evaluate the effect of model-driven treatment interventions on shortterm outcomes, such as neutropenic complications, infection-related mortality, and chemotherapy dose intensity, as well as on long-term outcomes, such as disease-free and overall survival and patient quality of life. This registry should thus make it possible to develop more accurate risk models that can eventually be incorporated into actual clinical practice. Such models should facilitate the targeted application of supportive care measures toward patients at greatest risk and most likely to benefit, therefore reducing the risk of neutropenic events, improving treatment outcomes, and reducing health care costs.
CONCLUSIONS
Many risk factors for CIN and its serious medical complications have been identified, and several risk models have been developed. The multivariate risk models discussed here have identified advanced age, poor performance status, comorbidities, and low baseline blood cell counts, along with high chemotherapy dose intensity, as significant predictors for neutropenic complications including FN and RDI. Independent risk factors for adverse consequences of neutropenia, including serious medical complications or death, include advanced age, hematologic malignancies, high temperature and low blood pressure on admission, pneumonia, and i.v. site infection, as well as low blood cell counts and evidence of organ dysfunction. The use of such risk factors to identify the patients who are at greatest risk for neutropenia, and targeting prophylactic CSF to those patients, should help providers focus resources on those who are most at risk. The utility of these models is limited, however, by their retrospective design, the small populations studied, and the various risk factors and methods used. To overcome these limitations, we have designed a prospective registry in different tumor types, which should make it possible to develop accurate and valid risk models for CIN and its complications. 
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